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Abstract

Photoemission measurements of the alkaline earth core levels of high temperature
superconductors and related materials are reviewed. Models which seek to explain the large
negative chemical shifts observed relative to the corresponding akaline carth metalsare
discussed and critically examined. The effect of lattice site disorder on the core level spectra and
the presence or absence of intrinsic surface peaks are also reviewed.




Introduction

Although the alkaline earth core levels have not been the focus of as much attention as the
valence bands or the O 1s and Cu 2p core levels in photocmission studies of high temperature
superconductor (HTS) materials, nevertheless there has been considerable controversy regarding
their interpretation. Initially the controversy involved the identification of the intrinsic signals
since, as in the O 1s region, the measured features in the alkaline earth core level regions depend
sengitively on the level of surface contaminants. In the earliest photoemission measurements
from Lap.x(Sr,Ba)CuO4 (LLSCO) and YBayCu3z07.x (YBCO, or Y-123) sintered pellets, the
alkaline earth core level signals consisted of two components separated by -1.5- 2 eV. The
intensity of the higher binding energy component was shown to be dependent on the sample
quality and the surface preparation, and was also shown to be surface related in variable angle
and variable photon energy measurements. Since it was always present, even on surfaces freshly
exposed in vacuum, the higher binding energy component was often interpreted as being at least
parually intrinsic, possibly associated with oxygen defects which resulted in less efficient corc
hole screcning (e.g. scc [1-3]). These measurements [1-3] arc among the highest quality of the
earliest measurements, and include some of the first measurements of a clear Fermi edge in the
valence band region of LSCO [2], and also some of the first measurements of the O 1s regions of
both LSCO and YBCO in which the low binding energy signals arc dominant [2,3], both of
which arc characteristic of high quality surfaces (sce the discussion in [4], and references
therein). However, despite these indicators of high quality surfaces, subsequent studies of both
LSCO [5] and YBCO [6-8] show that the high binding energy components of the alkaline earth
core levels measured from high quality surfaces are either ncgligible or much less intense than
was observed earlier. It is now known that the high binding energy signals originate from
extrinsic contaminant phases, especially alkaline earth carbonates, either from unrcacted material
in grain boundaries or from reaction products of clean HTS surfaces with water vapor and/or
carbon dioxide, even the trace amounts present in ultrahigh vacuum chambers (scc the discussion
of HTS surface stability in [4]).

More recently, studies have focused on the presence or absence of an intrinsic shifted
surface component, the effect of inequivalent alkaline earth lattice sites in some materials, and
factors affecting the binding energies, which are significantly lower than those of the
corresponding metals. This review will primarily consider those studies for which clear evidence
of high quality surfaces, such as the detection of the Fermi edge or a low intensity of high
binding energy signals in the O Is region, are reported. These include studies of LSCO [1,2,5],
YRBCO [5-11], Bi2Sr2CaCuy084.5 (BSCCO, or Bi-22 12) [ 12-1 8], TIzBa2CaCuz084 5 (TBCCO, or




T1-2212) [19,20], BaPb1.xBixO3 (x~0.25, BPBO) [21-24], Ba1.x(K,Rb)xBiO3 (x~0.4, BKBO)
[25,26], as well as related nonsuperconducting compounds and superconductors with differing
stoichiometry or doping. In this review, each of the arcas of study mentioned above will be
critically examined, and where possible a resolution of conflicting interpretations will be offered
based on the currently available evidence.

Alkaline Earth Core Level Binding Energies

“I’able 1 summarizes alkaline earth core level binding energy measurements from a variety
of HTS materials and related nonsuperconducting compounds. Measurements from alkaline
earth metals [27,28] and oxides [28] arc included in Table 1 for comparison. Equivalent
measurements from the metals have been reported in studies from many laboratories, but
reported measurements from the oxides vary in studies from different laboratories and for
different methods of oxide preparation and treatment (e.g. see [31]). The oxide binding energies
in Table 1 are those measured in this laboratory [28].

It is clear from Table 1 that the alkaline earth core level binding energies measured from
the HTS materials are lower than those measured from the corresponding metals or oxides. The
negative binding energy shifts arc evident in the Ba3ds/2, Sr 3d, and Ca 2p spectra shown in
Figs. 1, 2, and 3, respectively. The negative binding energy shifts arc largest for the Ba core
levels of YBCO, --3 €V. These binding energy shifts are in the opposite direction of those
observed for most other elements. Initial state charge transfer to the anions in a compound
increases the electrostatic potential for the remaining cation core electrons, and thus should
increase the cation core level binding energies. Final state relaxation, which is larger in the metal
due to the more efficient metallic screening compared to the polarization screening in
compounds, is an additional contribution to a positive chemical shift. The unusual negative
binding energy shifts of Bacompounds, especially the oxide, have thercfore been the subject of
study and controversy for several years. Several explanations of the negative shifts have been
proposed, al of which in some form have also been suggested to explain the negative shifts
observed in measurements from the HTS materials. Factors which have been proposed to
explain the observed binding energies include (i) covaent bonding involving the akaline carth d
orbitals, (ii) final state screening involving cither the alkaline earth d orbitals or highly
polarizable ligands, (iii) binding energy referencing effects, such as pinning of the Fermilevel by
defects or Fermi level variation resulting from band filling with doping, and (iv) the effect of the



initial state electrostatic potential. In the discussions below, each of these models and the
relevant supporting and conflicting evidence will be briefly presented and critically examined.

Initial State Covalency Effects

The possibility that the low lying alkaline earth d orbitals may play a part in final state
screening (discussed in the next section) or initial state chemica bonding in the oxides was first
suggested as an explanation for small or negative binding energy shifts nearly a decade ago [33].
Since the nd orbitals (n = 3, 4, and 5 for Ca, Sr, and Ba, respectively) are spatially more compact
than the (n+1)s orbitals, lower core electron potentials, and hence lower binding energies, are
possible if there is increased initial state occupation of d orbitals in the compounds compared to
the metals. For the graphite intercallation compound BaCg, there is in fact both theoretical [34]
and experimental [35] evidence that the Ba 5d orbitals may be occupied in the initial state.
Similarly, Ba 5d -0 2p hybridization in covalent Ba-O bonds has more recently been suggested
to explain the Ba core level binding energies observed in measurcments from YBCO and related
materials with rare earth substitutions [36,37].

The above interpretation has been disputed on several grounds. First consider the situation
for simple alkaline earth compounds. Partial occupation of d orbitals in the initial state has been
observed in several studies of the alkaline earth metals [38-40]. However, the d states arc absent
in measurements from the oxidized metal surfaces [38,40]. Band structure calculations for
alkaline earth fluorides and chalcogenides aso show the d orbitals to be unoccupied (see the
discussion and works cited in [28]). These findings arc inconsistent with this model’s
requirement for increased initial state d orbital occupancy for compounds. In fact, the opposite
situation appears to be more common, i. c. the alkaline earth d orbitals may be partially occupied
in the metals, but arc unoccupied in the simple ionic compounds. It is also well-known that
alkaline carth compounds arc nearly ideally ionic (e.g. see [4 |]), so significant covalency
involving ligand hybridization with alkaline earth d orbitals seems unlikely.

Findings for the more complex HTS materials arc similar to those for the simpler alkaline
earth compounds. Band structure calculations for YBCO [42,43], BSCCO [44,45], TBCCO [46],
BPBO [47,48], and BKBO [49] show that the alkaline earth d orbitals are well above the Fermi
level and hence unoccupied. Resonant inverse photocmission measurements provide
experimental verification that the alkaline earth d orbitals of YBCO [50,51], BSCCO [52],
TBCCO [19], and BKBO [25] arc --7-13 CV above the Fermi level, and arc therefore unoccupied.
In fact, the densities of states from the band structure calculations show little contribution from
alkali, alkaline carth, or rarc earth orbitals of any type. These electropositive elements can thus



to a good approximation be regarded as ions embedded in a covalently bonded matrix of the
other elements. The intensities of the backgrounds on the high binding energy side of the
alkaline earth core level signals in Figs. 1-3 for the HTS materials are also much more similar to
those of the corresponding signals from the ionic oxides than they are to those of the covalently
bonded metals. This observation is consistent with the alkaline earths being present as ions in the
HTS materials.

Finally, other ionic compounds for which no initial state d orbital occupancy is expected,
such as akali compounds, also exhibit negative cation core level chemical shifts (see the
discussion and works cited in [28]). Nearly all K, Rb, and Cs compounds exhibit chemical shifts
which arc in the range --1 to --2.5 €V, while Na compounds exhibit chemical shifts which arc in
the range ~+0.5to ---1 eV [53]. Among HI’S materials, the K 2p3s signal occurs at 292.1 ¢V for
Bag ¢K4BiO3 [25], compared to 294.4 -294.7 ¢V for K metal [53,34], while the Rb 3ds/2 signal
occurs at 108.6 eV for Bag gRbg 4BiO3 (estimated from Fig. 1 in [26]), compared to 111.5 -111.8
eV for Rbmetal [53,55]. These negative shifts arc comparable in magnitude to those observed
for the alkaline earth core levels in HT'S materials. Negative or small positive chemical shifts arc
aso observed for Cu*l, Ag*l, Zn+2, and Cd+2 compounds, al of which have filled d shells [56].
A cause arid effect relationship between additional initial state d orbital occupancy in compounds
relative to metals and negative chemical shifts therefore is not possible for these compounds, and
appears unlikely for HT'S materials and alkaline earth compounds in general.

Final State Screening Effects

Two models based on final state screening have. been proposed, one based on screening by
electrons in the akaline earth d orbitals [33], and the other based on screening by highly
polarizable ligands [40]. Since many of the arguments for the first model arc similar to those
outlined above, this model will be considered first. Although this model has not been suggested
to apply specificaly to HTS materials, it has been suggested for akaline earth compounds in
general, and is therefore considered here. The. justification for this model is based on the Z+1 (or
equivalent cores) approximation, in which the photoionized core of an atom of atomic number Z.
is approximated as the core of an atom of atomic number Z+1(c.g.sce [57]). Full screening of
the core hole then produces a valence electron configuration appropriate for the Z+ 1 atom. For
example, a core ionized Ba atom in Ba metal which is fully screened would have the valence
configuration of La0,[Xe]5d6s2, while a core ionized Ba2+ ion which is fully screened would
have the valence configuration of La2+,{Xe}5d. Similar considerations yield similar results for




Ca and Sr. This model can alternately be formulated as the core hole causing an increase in the
potential, resulting in a conduction band state being pulled below the Fermi level.

Several problems have been pointed out with the model discussed above [28]. First, both
Ba0 and Ba2+ arc screened by a 5d electron. In order for Ba in a compound to have significantly
higher final state d orbital occupancy than Ba0, the initial state would have to be close to Bal+ so
that the fully screened core hole would have the valence electron configuration of Lal+,[Xe]5d?
[33], i.e. there would have to be significant covalency in the Ba-ligand bonding. Similar
considerations apply for Ca and Sr. However, as mentioned in the previous section, akaline
earth compounds are nearly idedly ionic, so this possibility seems unlikely. Another problem is
that band structure calculations show that the lowest lying conduction band states in the akaline
earth fluorides have primarily cation s character [58-60]. Eventhoughthe alkaline earth core
holes may not be screened by d electrons in the fluorides, negative chemica shifts arc still
observed [28]. A third problem is that, as noted in the previous section, negative chemical shifts
are also observed for alkali and other compounds, for which final state screening by additional d
electrons is less likely or, in the case of Na, Group 1b, and Group IIb compounds, impossible,
Finally, the final state relaxation energies have been estimated from the Auger parameters [61)
for simple Ba salts [28] and for TBCCQ and YBCO in both the superconducting orthorhombic
(0-YBCO) and oxygen-deficient semiconducting tetragonal (t-YEICO) phases [8]. No correlation
with the Ba core level binding energies is observed, and in fact the final state relaxation energies
for the compounds arc smaller than that for the metal, which is opposite to the requirement for
this model.

Some of the problems with initial state or final state d orbital occupancy, noted above and
in the previous section, prompted the alternative suggestion that the negative alkaline earth core
level shifts observed for the oxides were due to final state polarization screening by highly
polarizable O2- ligands [40]. This model has also been considered as a possibility in some carly
studies of | ITS materias (e.g. see [13]). The final state relaxation energies of the Ba halides and
chalcogenides arc in fact observed to increase with increasing ligand polarizability [28], as one
might expect. However, as noted above, there is no correlation between the estimated final state
relaxation energies and the observed atkaline earth core level binding energies for either simple
salts [28] or for HTS and related materials [8]. Initial state effects must therefore be dominant in
determining the akaline earth core level binding energies.




Binding Energy Referencing Effects

In astudy of Ba oxides with various preparation and treatment conditions, it has been found
that the Ba core level chemical shift could be varied from +0.45 to -1.6 eV [31]. Since the
valence band and al the core levels were found to be rigidly shifted, it was suggested that the
negative chemical shift of BaO observed in many studies resulted from the pinning of the Fermi
level by defect states in the band gap. It was also suggested that, by considering the HTS
materials to be doped alkaline earth oxides, the same explanation could account for the negative
alkaline earth core level shifts in these materials [31].

As a genera explanation for the negative chemical shifts, two objections to this model have.
been raised. One abjection is that for some materials the negative chemical shifts are so large
that a “normal” positive chemical shift cannot be obtained even when the Fermi level is pinned
near the conduction band edge [28]. Even the maximum chemical shift of +0.45¢V observed for
BaO [31] is extraordinarily small for a doubly ionized cation. For comparison, the Si 2p
chemical shift observed for SiOy (cation charge +2.04 [62]) is +4.5 eV, or +2.2 €V/electron [62].

The second objection to this model is that in comparing measurements from o-YBCO and
t-YBCO, the 1.0 eV binding energy difference in the 13a core levels is not accompanied by arigid
shift of the other core levels or of the valence band [8]. On the contrary, the valence band spectra
differ primarily in shape, consistent with a differing distribution of states. In the oxygen
stoichiometry range where YBCO remains orthorhombic and superconducting, a trend towards
higher akaline earth core level binding energies with increasing oxygen deficiency is also
apparent in Table 1. However, even these core level shifts are not accompanied by rigid shifts in
the valence band region. The primary effects of oxygen deficiency in the valence band region
arc a loss of states near the Fermi level and changes in the band shape [63]. These findings are
consistent with changes in the distribution of states, rather than changes in the Fermi level
position. Clearly effects other than Fermi level shifts are therefore significant for YBCO.

Fermi level shifts of a few tenths of an eV may be observable as a function of doping in
13 SCCO, however. Rigid shifts of the core levels and valence band of -0.15-0.2 eV have been
reported in a study of BSCCO with varying oxygen stoichiometry [64]. Similarly, rigid shifts as
large as ~0.7 eV have been reported for 0<x<1in Bi2Sr2Ca1.xYxCu20g84+5 [65]. However, in
studies of the same material another group reports rigid shifts of -0.1-0.2 eV only for x<0.2, but
not for larger values of x [66-68]. While chemical potential variations thus appear to be
detectable in at least some HTS materials, the effect on the core level binding energies is at most
a few tenths of an eV. This effect thus does not appear to be sufficient by itself to account for the
large negative chemical shifts of the alkaline earth core levels observed in HT'S materials.



Recently, a different type of binding energy referencing problem has been suggested for
alkaline earth compounds in general, though not for HTS materias specifically. In studies of
alkaline earth metals and simple ionic salts, it was found that the chemical shifts of the
compounds were positive if the core levels of both the metals and compounds were referenced to
the C 1s peak at 285 €V, but negative if the metal core levels were referenced to the Fermi level
[69,70]. These findings prompted the suggestion that the negative chemica shifts claimed for
alkaline earth compounds were an artifact of choosing different binding energy references for the
metals and the compounds. 1t is useful to recall that the commonly used method of correcting the
core level binding energies of insulators to the C 1s signal originated from measurements of the
same signal from the conducting surfaces of metals. The assumption is that the adventitious
hydrocarbon contaminants on the different surfaces have C 1s core level binding encrgies that are
sufficiently similar that they can be used as a standard to reference to the Fermi level of the.
spectrometer. However, on reactive surfaces this may not be a valid assumption. On alkaline.
earth metal surfaces, this assumption is in fact demonstrably invalid. Ba metal is known to react
with some hydrocarbons and with common background gases in ultrahigh vacuum systems, such
as CO, to form BaC2 [71]. Since the C 1s binding energy for BaC; is significantly lower than
that observed for hydrocarbons [71 ], the choice of the C 1s signa as the binding energy reference
in this case results in two different binding energy references for the metal and the compounds.
The suggestion that the negative chemical shifts arc artifacts related to differences in binding
energy referencing therefore appears to be erroneous.

Initial State Electrostatic Effects

Electrostatic models in which the ionization energy and lattice potential (Madelung energy)
are the primary determinants of core level binding energies arc among the oldest models which
have been applied to ionic compounds. Modifications to the simplest point charge model to
correct for the effects of polarization (final state relaxation), internuclear repulsion, the work
function, etc., are common, but these effects nearly offset each other so that the net effect of the
corrections is small. The point charge model has been applied to ionic materials such as alkali
compounds [72,73], Group Ib and IIb compounds [56], akaline earth compounds [28,74], and
metal oxides [75], and has been found to be most effective for cations with closed shell electronic
configurations in low formal oxidation states (+3 or lower) [75], conditions which the alkaline
earth cations satisfy. Studies of the cation core levels in Group Ib and IIb compounds [56] and in
alkaline earth compounds [28] concluded that negative chemical shifts result primarily from
initial state effects, where the positive shift expected with ionization is more than offset by large




lattice electrostatic potentials at the cation sites. A similar conclusion can be drawn from an
earlier study of alkali halides [73], though the issue of negative chemical shifts was not
specifically addressed. More recently, a similar conclusion was reached in a study of akaline
earth oxides [76] using a more sophisticated model, utilizing ab initio Hartree-Fock self-
consistent field wavefunctions for metal oxide clusters, which were surrounded by point charges
to reproduce the lattice potential in the vicinity of the cluster.

The qualitative success of a simple point charge model in explaining negative cation core.
level chemical shifts in simple ionic alkaline earth salts prompted the suggestion that lattice
potential effects may also be responsible for the negative chemical shifts observed for the.
alkaline earth core levels of HTS materials [8,28]. A more quantitative basis for establishing that
electrostatic effects may be important in determining the Ba core level binding energies of
YBCO is found in the results of ab initio calculations [77]. In that study [77], it was found that
the difference in the initial state electrostatic potential resulting from the 13a-O bond length
difference was the dominant cause of the 13a core level binding energy difference observed
between o-YBCO and t-YBCO.

The importance of electrostatic effects has been disputed, based on 13a core level binding
energy measurements in the systems Y1.4Pry- 123, Y1.xEux- 123, and Euy.xPrx- 123 [36,37]. The
argument was that the Ba core levels in Y1.xPrx- 123 and Eu 1. xPry- 123 showed similar shifts with
Pr substitution, but the Ba-O bond length changes arc not comparable. In addition, Y1.xPrx- 123
and Yi.xEux- 123 exhibit similar Ba-O bond length changes with x, but the Ba core levels of
Y 1.xPrx- 123 shifted to higher binding energy with increasing x, while those of Y1.xEux- 123 did
not. Since no correlation was observed between Ba core level binding energies and Ba-O bond
lengths, it was concluded that electrostatic effects were not dominant [37]. The explanation
favored in these studies [36,37] was that the dominant factor affecting the Ba core level binding
energies is initial state Ba 5d-O 2p covalency, which for reasons discussed previously dots not
seem likely.

The reasoning outlined above is open to question. While it is true that the Ba-O bond
lengths increase with increasing x in both Y .xPryx- 123 and Y1.xEuy - 123, the magnitude of the
increase is not comparable. The shortest Ba-O distances, in the Ba-O plane, increase by 0.01 A
in Y1.xEux- 123 when x is increased from O to 1, while the comparable Ba-O distances increase
by 0.03 A in Y;.xPrg- 123 [78]. The fact that the Ba core levels are observed to shift to higher
binding energy by 0.4 eV when x isincrcascd from O t0 0.8 in Y 1.xPrx- 123 [36] and not to shift
with Eu substitution in Yj.xEuy- 123 [37] is therefore not contradictory with the findings of [77].
In addition, the observation of a Ba core level shift with increasing Pr substitution in Y j.xPrx- 123
is itself in question, since a recent study reported no such shift [79]. Preliminary mcasurements
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in this lab are in agreement with the findings of [79], in that no significant difference in the Ba
core level binding energies is observed between Y-123 and Pr- 123, as shown in Fig. 4. The
reason for these differing findings is most likely differences in surface quality. I-he Ba 4d
doublets in the spectra measured in [37] arc poorly resolved, indicating significant surface
contamination and/or damage due to scraping [4]. As noted in [37], variations in the intensities
of the high binding energy components could result in apparent core level shifts. The reported
binding energies in [37] were therefore based on decomposition of the line shapes using least
sguares fitting, which may give nonunique solutions and is certainly not as reliable as binding
energies determined from well-resolved spectra such as those in Fig. 4.

The spectra in Fig. 4 also appear to be contradictory to expectations based on the findings
of [77], since the difference in Ba-O distances between Y-123 and Pr-123 isnearl y identical to
the difference between o-YBCO and t-YBCO [78,80], yet in the former case no Ba core level
shift is observed while in the latter case a core level shift of 1 eV is observed [8]. While this
observation appears to argue against bond length variations as the major determinant of the Ba
core level binding energies, it does not rule out other electrostatic effects. Other factors include
the difference in Ba-O coordination between o-YBCO and t-YBCO, the possible effect of Pr 4f-
02p hybridization, etc.

It is clear from the discussion above that there is no consensus on an explanation of the
observed akaline earth core level binding energies measured from either simple salts or from the
more complex HIS materials, and this remains an active area of research and debate. At this
time, initial state electrostatic effects appear to be the most likely dominant determinants of the
binding energies, in the opinion of the author.

Lattice Site Occupancy & Disorder Effects

Some alkaline earth core level spectra measured from WI'S materias clearly exhibit two
components even when there is little or no evidence of contaminants in the other core level and
valence band spectra. This is especially noticeable in the Ca 2p spectra measured from both
BSCCO [5,13,14,16-18] and TBCCO [19,20] when the signal to noise ratio is sufficiently high,
as exemplified in Fig. 5. Two components arc visually less obvious in the Sr 3d spectra
measured from BSCCO, and are inferred from least squares fitting [13,15-18]. As shown in Fig.
2, the Sr 3d lineshapes measured from a BSCCO single crystal and SrO are similar, the
difference being that the signal from BSCCO exhibits a marked asymmetry towards higher
binding energy. The line width (-1.2. cV) is aso significantly larger than that observed from a
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SrTiO3 single crystal (0.95 eV) [28]. Two Ba signals have also becn reported in a study of
T1-2223 [19], though another study of T1-2212 with lower contaminant levels [20] found a
greatly reduced intensity of the higher binding energy component, suggesting that only the lower
binding energy component is intrinsic. A comparison of the Ba 4d signals measured from YBCO
and T1-2212 is shown in Fig. 6. The lineshapes arc very similar except for a more pronounced
asymmetry towards higher binding energy for the signal from T1-22 12, which corresponds to an
additional signal at -1 eV higher binding energy than the main doublet. This high binding
energy component corresponds closely to signals measured from bulk Ba(OH); and BaCQO3 [28],
again suggesting an extrinsic origin.

The presence of two components in the akaline earth core lcvel spectra discussed above
has been interpreted as resulting from cation disorder [5,13-20], since the akaline earth ions in
the ideal crystals occupy inequivalent sites with differing coordination to oxygen and hence
differing lattice potentials. in the case of BSCCO, Ca-Sr disorder is a physically reasonable
expectation. The ionic radii of Ca2+ (Pauling radius 0.99 A) and Sr2+ (1.13 A) arc reasonably
closc to each other, and consequently solid solutions arc obtained over the entire composition
range with no miscibility gap in simple ionic salts such as Caj.SrO [81], as well as in more
complex mixed metal oxides such as the pcrovskite Caj.xSrTiO3 [81]. Ca-Sr disorder in
BSCCO has indeed been inferred from high resolution transmission electron microscopy
(HRTEM) [82] and from x-ray and neutron diffraction measurements ([18], and references
therein). It therefore seems probable that the two components observed in the alkaline earth core
level spectra measured from BSCCO do in fact originate from Ca-Sr disorder.

In the case of TBCCO, significant Ca-Ba disorder seems less likely. The ionic radius of
Ba2+ (1.35 A) is much larger than that of Ca2+. As a result, a miscibility gap covering virtually
the entire composition range is observed in simple ionic salts such as Caj.xBayO [81] and
Caj.xBayF> ([83], and references therein), and the miscibility gap in the perovskite
Ca1.xBaxTiO3 covers most (-70% at 1200° C) of the composition range [81,84]. In addition, as
previously mentioned, since the high binding energy Ba core level signals correspond closely to
the binding energies measured from contaminant phases and the intensities also arc minimized
for higher quality surfaces, a predominantly extrinsic origin for these signals is likely. T1-Ca
disorder is more likely, since the ionic radius of TI3+ (0.95 A) is close to that of Ca2+. Tl-Ca
disorder has in fact been observed in HRTEM measurements [85], and has also been inferred at a
level of - 10% from Rietveld refinement of x-ray diffraction data [86]. However, this level of
disorder is insufficient to account for the Ca 2p signals observed in [19,20] and in Fig. 5. There
is also little or no evidence of multiple signals in the T1 4f region [19,20,87], as might be
expected if T! were occupying different lattice sites. An aternative explanation might be that
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one of the Ca signals originates from intergrowth defects [85]. Additiona research is nccessary
to resolve these issues.

Surface Core Level Shifts

The possibility of a chemically shifted surface peak in the Y-123 Ba 4d core level region
which is intrinsic, rather than due to extrinsic contaminant phases, was first suggested in [10].
Two Ba 4d doublets separated by 1.2 eV were observed [10] from surfaces of Y-123 single
crystals cleaved in vacuum at 20 K. These same surfaces exhibited clear Fermi edges [88] and a
single O 1s signa at 528 eV [89]. The low binding energy doublet was identified as the surface
peak based on factors such as the dependence of the intensity on the photoelectron Kinetic
energy. The origin of the two Ba signals was suggested to be the difference in oxygen
coordination for bulk and surface Ba atoms for a surface terminated with the 13a-O plane,
obtained by cleaving between the Ba-O plane and either the adjacent Cu-O plane or CU-O chain
layer.

A subsequent study of cleaved Y-123 single crystals [7] showed the high binding energy Ba
4d doublet to be the surface signal, based on reinterpretation of the energy-dependent intensity
data, angle-resolved measurements, and the fact that high quality surfaces could be prepared with
no high binding energy component apparent. The single component Ba spectra seemed to
correlate with measurements from stepped surfaces, while the double component spectra
originated from smooth surfaces. Examination of the published O 1s spectra [7] from these two
types of surfaces reveals little variation, in agreement with the earlicr studies’ finding that the
multiple Ba signals [10] were not accompanied by obvious multiple O signals [89]. The surface
Ba signal was interpreted as originating from extrinsic phases [7], either from impurities in the
crystal or possibly from mechanical damage during cleavage. “i-his interpretation would require
the impurity/damaged surface phase to have nearly the same O 1s binding energy as dots
0-YBCO.

A study of chemically-etched Y-123 epitaxial thin films aso found single component Ba
signals [8] for both 0o-YBCO and t-YBCO, as shown in Fig. 7. The two-component spectra from
cleaved single crystals [7,10] look essentially like the sum of the two spectra in Fig. 7. The
singlc Ba signal observed in this study [8] was attributed to the termination of the chemically -
etched surface in Cu-O planes [90,91], so that Ba only occurs in a bulk environment. The
surface stability compared to cleaved single crystals was also attributed to the Cu-O plane
surface termination, so that the reactive Ba was only occupying subsurface sites. The chemically
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shifted Ba signals observed in the earlier studies of cleaved single crystals [7,10] were attributed
to the Ba-O surface termination obtained by cleaving the weak bond between the Ba-O plane and
the adjacent Cu-O plane [8]. Cleavage between the Ba-O plane and the CU-O chain layer was
considered much less likely due to the strength of this bond.

It is important to note that with the proposed Ba-O planc/Cu-O plane cleavage, inequivalent
surfaces are obtained. On a surface with steps (i.e. a real surface) the intensity ratio of the
surface/bulk Ba signals can therefore vary depending on the fraction of the surface area with
Ba-O plane termination. It has also recently been suggested that cleavage can occasionally occur
between Cu-O planes [92], producing a surface which would not result in a surface Ba signal.
‘I'he surface termination of YBCO is discussed in detail elsewhere in this issue [93]. With at
least two surface terminations possible, only one of which would produce a surface Ba signal, it
is therefore not surprising that the surface 13a signal intensity is observed to vary at different
locations on a cleaved crystal surface [7]. However, at this time an extrinsic origin for the
surface 13a signal cannot definitively be ruled out, and additional research on this issue is
required.

Most recently, it has been suggested that chemically-etched o-YBCO is terminated with a
surface layer of t~-YBCO [11], based on the presence of a surface O 1s signa at the same binding
energy as that observed for t-YBCO. This suggested surface phase should also result in an
observable surface Ba signal, since the signals for o-YBCO and t-YBCO differ by 1 eV [8], as
shown in Fig. 7. However, as also shown in Fig. 7, the o-YBCO signal seems consistent with a
single component. The lack of a surface Ba signal is emphasized in angle-resolved
measurements of the more surface-sensitive Ba 3d signal, as shown in Fig. 8. Even at a grazing
photoelectron emission angle of 20°, only a dlight difference in lineshape is observed, verifying
that there is no significant-surface Ba signal for chemically-etched surfaces.

Conclusions

The alkaline earth core level signals measured from HTS materials occur at significantly
lower binding energies than those from the corresponding metals, the negative chemical shift
being as large as -3 eV for the Ba signals from YBCO. Signals at -1.5-2 ¢V higher binding
energy are also often observed, but arc due to extrinsic contaminant phases. In the case of the
bismuthates, the alkaline earth core level binding energies for the doped superconducting
matcrials do not appear to differ significantly from those. of the undoped parent compounds, but
for the cuprates the observed binding energies are lower than any other material measured to

13



date. The cause of the.sc large negative shifts is a matter of ongoing research and debate, but the
evidence available at this writing appears to favor initial state clectrostatic effects as the
dominant factors, though chemical potential variations also appear to play a smaler, but
detectable, role.

Alkaline earth lattice site disorder seems to be well-established for BSCCO, resulting in
two intrinsic signals separated by -1 eV in both the Ca 2p and Sr 3d core levels. Two Ca2p
signals separated by -1 eV arc also observed for TBCCO, but only the lowest binding energy Ba
signals are unambiguously identifiable as intrinsic. At this time, T1-Ca disorder seems more
likely than Ca-Ba disorder, but dots not seem sufficient to explain the observed intensity ratio of
the Ca 2p signals. Further work is necessary to resolve this issue.

Two Ba core level signals separated by -1 ¢V arc also usually observed for cleaved YBCO
single crystals, with only the low binding energy signal being intrinsic to the bulk. Thc higher
binding energy signal is not accompanied by a high binding energy.O 1s signal, and thus has also
been interpreted as being intrinsic to Ba-O terminated surfaces, though an extrinsic origin cannot
be definitively ruled out at this time. On chemically-etched YBCO surfaces, which arc.
terminated in Cu-O planes, surface Ba signals arc absent and only the low binding energy
component intrinsic to the bulk is observed.
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Table 1. Alkaline earth core level binding energies (eV) of the metals, oxides, and high
temperature superconductors and related materials.

Material | Ba3dsp Ba 4dsp Ba Sp3n Sr 3dsp Ca2p3n | References
13a 780.2-780.4 89.9-90.0 14.8 [2'7,28]
BaO 779.2 88.8 (28]
BaBiOa 779 88.4 13.5a [21,24)]
BaPb1.xBixO3 13-13.5 [21-24]
(0<X <0.6)
Bag Ko 4BiO3 779.3 13 , [25]
Bag ¢Rbp 4BiO3 770 [26]
Laj g85Bag.15Cu04 779b (2]
EuBaCu30¢7 87.3 & 88.2 12.6 ‘T 991
EuBaCu306.5 87.8 & 89.0 (91
YBasCu307.5 87.4 & 88.6b [16]
5=0.1 | |
&-0 - 777.4 & 778.6¢| 87.0 & 88.3¢ 12.0 —[
§-0 777.6 | 87.2 | 120 | (8]
§=0.25 778.2 12.3 [11] |
5~0.5 - 778.3 125 [5,6]d
5-0.7 12.6 [11]
51 778.6 88.2 12.9 9]
a l | | 346.4 [27,28]
CaO ' ' ' 28]
Tl,BapCayCusOyg | 778.3 & 779.2 ~345be [19]
Tl,BasCaCup0g 778.3 87.9 344.7 & 345.7 [20]
s - 134.0-134.2 [27.28]
SrO 132.6 [28]
BipSrpCaCu0g 132.2 345.3 [12]
131.8 & 133.15 | 344.7 & 345.6 [13]
132.25 345.1 & 346.1 (14]
131.7 & 132.6b [15]
131.7 & 132.9 | 344.7 & 345.9 [16]
131.8 & 132.6 | 344.8 & 345.8 [17)
132.0 & 133.1b | 3451 & 346.1b[  [18]
Laj §5Srp.15Cu04 132.3b (5}
La1.xSrxCuQOg4 132.3 ‘11
(x = 0.075 & 0.20)
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Notes for Table 1:

aThe position of 14.4eV reported in [24] is the average of the spin-orbit split components. Half

of the spin-orbit splitting of 1.9 eV has been subtracted to yield the value in the table.
YThe peak positions are not stated in the text, and are estimated from the published spectra.
€The high binding energy component is a surface peak which is not observed on stepped

surfaces.
dMeasurement Of the Fermi edge is presented in [29]; the oxygen stoichiometry isestimated in

[30].
€Two components (binding energies not reported) separated by ~1eV are discussed in [191.
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Figure Captions

Comparison of the Ba3ds/2 signals measured from Ba metal, BaO, and YBCO, scaled to
the same integrated intensities (from [32]).

Comparison of the Sr 3d signals measured from Sr metal, SrO, and BSCCO, scaled to the
same signal maxima (from [32]).

Comparison of the Ca 2p signals measured from Ca metal, CaO, and BSCCO, scaled to the
same signal maxima (from [32]). The peak near 357 eV in the spectrum from BSCCO is
the Sr 3s signal.

Comparison of the Ba 4d signals measured from chemically-etched epitaxial thin film
surfaces of(a) Pr-1 23, and (b) Y-123.

Ca 2p spectrum measured from a chemically-etched epitaxial thin film surfaceofT1-2212,
shown with two doublets obtained from least squares fitting.

Comparison of the Ba 4d signals measured from chemically-etched epitaxial thin film
surfaces of YBCO (from [8]) and ‘H-2212 (from [20]).

Comparison of the Ba 4d signals measured from chemically-etched epitaxial thin film
surfaces of o-YBCO and t-YBCO (from [8]).

Comparison of the Ba3ds/2 signals measured from a chemically-etched epitaxial thin film
surface at photoelectron emission angles 70° and 20" relative to the sample surface.
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